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Perﬂuoroalkyl substancesWe estimated inﬂow rates of perﬂuorooctanesulfonate (PFOS) and perﬂuorooctanoate (PFOA) to Tokyo Bay,
Japan, between February 2004 and February 2011 by a receptor-oriented approach based on quarterly samplings
of the baywater. Temporal trends in these inﬂow rates are an important basis for evaluating changes in PFOS and
PFOAemissions in the Tokyo Bay catchment basin. Amixingmodel estimated the average concentrations of these
compounds in the freshwater inﬂow to the bay,whichwere thenmultiplied by estimated freshwater inﬂow rates
to obtain the inﬂow rates of these compounds. The receptor-oriented approach enabled us to comprehensively
cover inﬂow to the bay, including inﬂow via direct discharge to the bay. On a logarithmic basis, the rate of inﬂow
for PFOS decreased gradually, particularly after 2006, whereas that for PFOA exhibited a marked stepwise de-
crease from 2006 to 2007. The rate of inﬂow for PFOS decreased from 730 kg/y during 2004–2006 to 160 kg/yn of Science.
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Emission sourcein 2010, whereas that for PFOA decreased from 2000 kg/y during 2004–2006 to 290 kg/y in 2010. These reduc-
tions probably reﬂected reductions in the use and emission of these compounds and their precursors in the
Tokyo Bay catchment basin. Our estimated per-person inﬂow rates (i.e., inﬂow rates divided by the estimated
population in the basin) for PFOS were generally comparable to previously reported per-person waterborne
emission rates in Japan and other countries, whereas those for PFOA were generally higher than previously re-
ported per-person waterborne emission rates. A comparison with previous estimates of household emission
rates of these compounds suggested that our inﬂow estimates included a considerable contribution from point
industrial sources.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Fig. 1. Tokyo Bay and locations of sampling stations (coordinates given by Sakurai et al.
(2010)). The nominal position of station 7 was changed to 35.5600 °N, 139.8433 °E (ap-
proximately 2 km northeast of its previous position) after the May 2007 sampling.1. Introduction
Perﬂuorooctanesulfonate (PFOS) and perﬂuorooctanoate (PFOA) are
two of the most widely detected perﬂuoroalkyl substances in the envi-
ronment, and they are emitted to the environment through human ac-
tivities (Giesy and Kannan, 2002; Lau et al., 2007; Paul et al., 2009;
Prevedouros et al., 2006). These compounds are a focus of worldwide
concern (United Nations, 2009) because of their persistence in the envi-
ronment (Giesy and Kannan, 2001; Giesy and Kannan, 2002; Houde
et al., 2011; Sakurai et al., 2010), their retention in the human body
(Olsen et al., 2007), and their toxicities (Ankley et al., 2004; Giesy and
Kannan, 2002; Hekster et al., 2003).
Regulations on the production and use of PFOS and PFOA have been
introduced in Japan and elsewhere in recent years, and emission rates of
these compounds may have declined in response. PFOS was added to
the Stockholm Convention on Persistent Organic Pollutants list (in
Annex B) in 2009 (United Nations, 2009), which obliged ratifying na-
tions to restrict its production and use. In Japan, the production and
use of PFOS have been restricted by several laws. In April 2010, in re-
sponse to its listing under the Stockholm Convention, PFOS was added
to the list of “Class I Speciﬁed Chemical Substances” of Japan's Chemical
Substances Control Law (CSCL), making it one of the nation's most
strictly regulated chemicals. Major PFOA producing companies have
joined a stewardship program of the U.S. Environmental Protection
Agency in which they voluntarily committed to reduce emissions of
PFOA and related compounds by 95% (compared with the emissions
in 2000) by 2010 and by 100% by 2015 (U.S. Environmental Protection
Agency, 2006). Under Japan's CSCL, PFOA is classiﬁed as one of the “Gen-
eral Chemical Substances”, and the annual amount manufactured or
imported by a companymust be reported to the government if it equals
or exceeds 1 tonne.
Temporal trends in the inﬂow rates of PFOS and PFOA to a water
body are an important basis for evaluating changes in their emission
on a regional scale, but reports of such trends are scarce. Measurements
of PFOS and PFOA concentrations in river water and efﬂuent from
wastewater treatment plants (WWTPs) have been used to estimate in-
ﬂows of PFOS and PFOA (Becker et al., 2008; Huset et al., 2008; Kim,
2012; Kim et al., 2014; Murakami et al., 2008; Murakami et al., 2009;
Pistocchi and Loos, 2009; Schultz et al., 2006; Sinclair and Kannan,
2006; Takazawa et al., 2009; Zushi et al., 2011). The relatively low
vapor pressures and high water solubilities of these ionic compounds
(Giesy and Kannan, 2002; Prevedouros et al., 2006) suggest that surface
water is an appropriatemedium tomonitor their waterborne emissions
(i.e., their discharge as wastewater efﬂuent or discharge to sewage or
water bodies). Thus, inﬂow estimates based on measurements of PFOS
and PFOA concentrations should reﬂect actual regional waterborne
emissions andwould complement emission estimates based on produc-
tion and commercial records (Paul et al., 2009; Prevedouros et al.,
2006). However, the available inﬂow estimates were made on the
basis of one-time sampling campaigns and were not intended to pro-
vide temporal trends.
In the present study we estimated temporal trends for inﬂow rates
of PFOS and PFOA to Tokyo Bay, Japan, between February 2004 and Feb-
ruary 2011, using a receptor-oriented approach based on ﬁeldsamplings of the baywater. Tokyo Bay (Fig. 1) is highly impacted by an-
thropogenic activities, given that its catchment basin is one of the
world's most populous areas (Sakurai et al., 2000; Sakurai et al.,
2010), and the inﬂow of these anthropogenic compounds from the
catchment basin to the bay is of interest. Previously, we ascertained
the three-dimensional distributions of these compounds in the bay
and proposed a simple mixing model for estimating their average con-
centrations in the freshwater inﬂow to the bay based on their measured
concentrations in the bay (Sakurai et al., 2010). Here, we applied this
model to estimate the PFOS and PFOA concentrations in the freshwater
inﬂow to the bay corresponding to the samples collected during each
sampling campaign conducted four times a year. The estimated concen-
trationsweremultiplied by estimated rates of freshwater inﬂow to yield
the mass rates of inﬂow of PFOS and PFOA to the bay, which approxi-
mate the waterborne emissions of these compounds in the Tokyo Bay
catchment basin.We divided the estimated inﬂow rates by the estimat-
ed population in the catchment basin to obtain per-person inﬂow rates,
and compared the results with estimates from previous studies. Our
comprehensive receptor-oriented method also enabled us to discuss
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hold sources. The water system of the Tokyo Bay catchment basin is
complicated by diversion weirs in major rivers, water intake from out-
side the catchment basin, and ﬂoodmanagement during high precipita-
tion events, and these factorswere carefully considered in our estimates
of the inﬂow of these compounds.
2. Materials and methods
2.1. Sampling
Water samples for the present study were collected on a quarterly
basis in Tokyo Bay at 10% and 90% of the water depth at stations 1–20
in February 2007 and at stations 6, 7, 12 and 17 after February 2007
(Fig. 1). To the resulting data set we added concentration and salinity
data obtained from quarterly sampling at the same 20 stations and
depths during 2004–2006 (Sakurai et al., 2010). Tokyo Bay lies south-
east of Tokyo metropolitan area and opens to the Paciﬁc Ocean on the
south. Its catchment basin is densely inhabited (N2000 persons/km2)
and encompasses awide variety ofmunicipal, agricultural, and industri-
al activities, including an active ﬁshery in the bay itself. The sampling
program was established previously to cover Tokyo Bay horizontally
and vertically (Sakurai et al., 2010). We chose four of these sampling
stations after February 2007 on the basis of relatively high concentra-
tions and a wide range of salinity observed during the preceding period
(2004–2006) (Sakurai et al., 2010) to enable effective application of the
mixingmodel. One-day sampling campaignswere conducted using two
boats on the following dates: 22 February, 16May, 8 August, and 14 No-
vember 2007; 20 February, 15May, 25 August, and 5 November 2008; 4
February, 10May, 9 August, and 9December 2009; 17 February, 16May,
9 August, and 17 November 2010; and 16 February 2011. Water sam-
ples measuring 1 L or more were collected during daytime, generally
within a period of 7 h. Collection, transport, and storage of the samples
were performed as previously described by Sakurai et al. (2010), with
the exception that solvent-rinsed polypropylene bottles were used as
sample containers after February 2007 instead of glass bottles. Salinity
was recorded at both sampling depths at each station with a conductiv-
ity, temperature, and depth proﬁler.
2.2. Chemical analysis
Determination of the concentrations of PFOS and PFOA in the water
samples (sum of dissolved and particulate phases) essentially followed
previously reported methods (Sakurai et al., 2013; Sakurai et al., 2010).
Brieﬂy, a 100-mL aliquot of each sample was ﬁltered through a
precombusted glass-ﬁber ﬁlter. The methanol extract of the freeze-
dried ﬁlter was obtained by sonication and centrifuged, and the super-
natant was concentrated. The ﬁltrate and the concentrated supernatant
were combined, spiked with 13C-labeled surrogate compounds, and
then puriﬁed by using a C18 solid-phase extraction cartridge. The eluate
from the cartridge was concentrated and ﬁnally dissolved in 500 μL of
1:1 (v/v) methanol in Milli-Q water. For some samples, concentrations
in the dissolved and particulate phases were determined separately,
by using a 500-mL aliquot of each sample. The ﬁltrate and ﬁlter were
each spiked with the surrogate compounds, and then separately ex-
tracted and puriﬁed similarly as described above. PFOS and PFOA were
identiﬁed and quantiﬁed by injecting an aliquot of the ﬁnal concentrat-
ed extract into a liquid chromatograph (C18 column) connected to a tri-
ple–quadrupole-type tandem mass spectrometer. Quantiﬁcation was
based on the isotope dilution method. Details of the data quality assur-
ance and control are described in the Supporting Material (SM). Detec-
tion limits were determined based on a signal-to-noise ratio of 8 on
chromatograms and three times the standard deviation of the method
blank values, or based on the variability of seven repeated analyses of
a composite seawater sample, depending on the periods of sample col-
lection. The method blank was determined by analyzing one or twoblank samples (Milli-Q water) for each sampling campaign, and the av-
erage blank value, if detected, was subtracted from measured concen-
trations in the samples. The blank during the sampling campaign was
evaluated by a combination of sampling blanks and travel blanks, and
was considered negligible because the sampling blanks (Sakurai et al.,
2010) and travel blanks were not detected. Concentrations above the
detection limits were quantiﬁed. A value of half the detection limit
was assigned to values below the detection limits.
2.3. Estimating concentrations in the freshwater inﬂow
Themixingmodel (Eq. (1)) proposed in the previous study (Sakurai
et al., 2010) was adopted to estimate the concentrations of PFOS and
PFOA in the freshwater inﬂow to the bay. In the present study, freshwa-
ter inﬂow was deﬁned to include all forms of freshwater ﬂowing into
Tokyo Bay (e.g., river discharge, efﬂuent from WWTPs, and direct dis-
charge from coastal industrial facilities) and precipitation on the bay
surface.
C ¼ αFWICFWI þ αoceanCocean ð1Þ
In Eq. (1), C is the concentration of PFOS or PFOA in each sample,
CFWI is the average concentration of the compounds in the freshwater
ﬂowing into the bay, Cocean is the average concentration of the com-
pounds in Paciﬁc Ocean water, and αFWI and αocean are the relative con-
tributions of fresh water and ocean water to the water sample,
respectively (αFWI+αocean=1). The salinity of each sample (S) divided
by the salinity of Paciﬁc Ocean seawater (Socean) was used as αocean.
Socean was set to 35.5 (Sakurai et al., 2010).
The value of CFWI was calculated by applying Eq. (1) to each sample,
using the measured values of C and S, and we used the Hodges–
Lehmann estimator (Hollander and Wolfe, 1999), a rank-based
distribution-free estimator of the central tendency of a population, as
the representative value of CFWI (C^FWI) for each sampling campaign,
along with the associated 95% conﬁdence interval (CI). Some data
were omitted in the calculation because corresponding salinity data
were not available. For data from the February 2008 campaign, an 87%
CI was calculated because the small number of salinity data (n=4)pre-
cluded the calculation of a 95% CI. The value of Cocean was set at 55 pg/L
for PFOS and 380 pg/L for PFOA (Yamashita et al., 2005). For conﬁrma-
tion, C^FWI was also estimated by weighted least-squares (WLS) regres-
sion of Eq. (2) by using C^
−2
as the weight (C^ is an estimate of C). Eq.
(2) was derived from Eq. (1) by setting CFWI to a0 and (Cocean −
CFWI) / Socean to a1. C^FWI was obtained by setting S = 0 in Eq. (2) after
the regression.
C ¼ a0 þ a1 S ð2Þ
2.4. Rate of freshwater inﬂow to Tokyo Bay
The rate of freshwater inﬂow to Tokyo Bay was estimated based on a
regression equation (Eq. (6), Section 3.3) established between the
monthly averages (qFWI ) of the freshwater inﬂow rate to Tokyo Bay
(Okada et al., 2007) and monthly averages (qTR) of the daily ﬂow rate
of the Tone River at the Tone-Ohzeki diversion weir (qTR) (provided by
the JapanWater Agency) between July 2002 and June 2003. The weight-
ed average of qTR for the 50 days prior to each sampling date (q^TR) was
used as a representative value for qTR on sampling date t to account for
the impact of PFOS and PFOA that had ﬂowed into the bay prior to the
sampling date (Eq. (3)).
q^TR tð Þ ¼
Xt
j¼t−T
qTR jð Þw jð Þ½ =
Xt
j¼t−T
w jð Þ ð3Þ
where T= 49 and w is the weight, which assumed an exponential de-
crease of the impact. The averaging period was set at 50 days to account
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weight was calculated by Eq. (4).
w jð Þ ¼ ∏
t
i¼ j
d ið Þ; d ið Þ ¼ exp −τ ið Þ−1
h i
ibtð Þ; d ið Þ ¼ 1 i ¼ tð Þ ð4Þ
where τ is the residence time of water in Tokyo Bay estimated for each
month of the year (range, 16–46 days) (Okada et al., 2007). Eq. (6) was
then used to estimate a representative value q^FWI for each sampling date
based on q^TR.
2.5. Population in the Tokyo Bay catchment basin
The boundary of the Tokyo Bay catchment basin (Ministry of Land,
Infrastructure and Transport, 2007; Miyamura, 1993) was deﬁned on
a GIS-based system based on the catchment basins of segments of rivers
deﬁned in previous studies (Suzuki et al., 2005; Suzuki et al., 2004). The
coastal part of the basin was deﬁned in this system in the present study.
The Tokyo-Bay catchment basin was divided into ﬁve sub-catchment
basins (Fig. 2). In addition, the populations in the catchment basins of
thewater intake sites at the Sakawa and SagamiRiverswere considered.
These rivers run outside the Tokyo-Bay catchment basin, but some of
their water was transported across the basin boundary (Okada et al.,
2007).
The population in each sub-catchment basinwas estimated by linear
interpolation or extrapolation of the 2000, 2005, and 2010 national cen-
sus values. Populationwas calculated based on census results, as allocat-
ed to grid squares of 0.5min of latitude and 0.75min of longitude (about
1 km× 1 km in the study area) (Grid Square Statistics, Statistics Bureau,Fig. 2. Schematic representation of six sub-catchment basins included in the calculation of
the effective population in the Tokyo Bay catchment basin. Blue arrows show normal ﬂow
of water to Tokyo Bay (B) and the Paciﬁc Ocean (P), with their widths representing their
rates. Circles with numbers represent sub-basins, with their areas representing their pop-
ulations. Precipitation in sub-basin 1 ﬂows exclusively into Tokyo Bay. Sub-basin 2 is the
catchment basin of the Tone River from the Tone-Ohzeki weir to the Sekiyado distributary
point to the Edo River, and sub-basin 3 is that of the Tone River upstream of the Tone-
Ohzeki weir. Sub-basins 2 and 3 provide water to the Tokyo Bay catchment basin via the
water intake at the Tone-Ohzeki weir or the distributary to the Edo River. Sub-basin 4 is
the catchment basin of Imbanuma Lake. Sub-basin 5 is the catchment basin of the Tone
River from the Sekiyado distributary point to the conﬂuence from Imbanuma Lake. Sub-
basins 4 and 5 provide water to the Tokyo Bay catchment basin only when the water
level in the Tone River is high and a pumping station diverts its water to Tokyo Bay
through the Imbanuma Lake channel (purple arrows; note that these are enlarged for vis-
ibility). Sub-basin 6 comprises the catchment basins of thewater intake sites of the Sagami
and Sakawa Rivers and is outside the Tokyo Bay catchment basin. The Tokyo Bay catch-
ment basin as deﬁned in the present study (sub-basins 1–3) is outlined with a bold
black line, and sub-basins 1–5 are outlined with a broken line.Ministry of Internal Affairs and Communication, Japan). When parts of
the grid square were outside the boundary, the population in that
square was allocated to the catchment basin based on relative areas in
the boundary.
Finally, the effective population in the Tokyo Bay catchment basin
was determined by taking into account the water intake and distribu-
tary inﬂow from outside the catchment basin. The main stream of the
Tone River does not ﬂow into Tokyo Bay, but it provides a considerable
ﬂow of water (roughly one-third of q^FWI on average) into the Tokyo Bay
catchment basin via water intake and distributary outﬂow (Fig. 2). The
effective population in the basin thus was calculated by adding the pop-
ulation above the weir or distributary point multiplied by the water in-
take ratio (Fig. S1, SM). Water intake at the Tone-Ohzeki weir,
distributary ﬂow to the Edo River, and water diverted through the
Imbanuma Lake channel were estimated by using daily ﬂow data pro-
vided by the pertinentmanagement authority (the JapanWater Agency
or Ministry of Land, Infrastructure, Transport and Tourism) (Fig. 2). The
effective population associated with water intake from the Sakawa and
Sagami Rivers was calculated similarly. Other details of this calculation
are in SM Table S1. Daily estimates of the effective population in the
Tokyo-Bay catchment basin were weighted averaged to obtain the rep-
resentative effective population (N^e) at the date of each sampling cam-
paign. Averaging was performed as described for q^TR.
2.6. Inﬂow estimates of PFOS and PFOA to Tokyo Bay
The basin-wide inﬂow rate from the catchment basin of the bay
(Ibasin) was estimated as Ibasin ¼ C^FWI  q^FWI for each sampling cam-
paign. The corresponding per-person inﬂow rate (Ipp) was estimated
as Ipp = Ibasin/N^e.
The combined uncertainties in these estimates were assessed based
on propagation of the uncertainties in the measured concentrations,
those in the other data, and those introduced at each step of calculation
(Hoff, 1994; Joint Committee for Guides in Metrology, 2008). The ex-
panded relative uncertainty (Ε) was obtained from combined relative
standard uncertainties (ε) by using a coverage factor k, which was set
to 2 (Joint Committee for Guides in Metrology, 2008). For example,
Ε(Ipp) was obtained by Eq. (5).
Ε Ipp
  ¼ kε Ipp  ¼ k
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε C^FWI
 2
þ ε q^FWIð Þ2 þ ε N^e
 2r
ð5Þ
Relative uncertainties were assigned to the parameters based on
previous studies and the authors' judgment (SM Table S2). The details
of the method of uncertainty analysis are provided in the SM.
The seasonal correlation between the PFOS or PFOA inﬂow rate and
the freshwater inﬂow rate was assessed by Pearson's correlation coefﬁ-
cient between the logarithm of the normalized inﬂow rate of the com-
pound and the logarithm of the freshwater inﬂow rate ( q^FWI ). The
inﬂow rates for PFOS or PFOA were divided by their annual maxima
(the February 2011 datum was treated as 2010 data) to derive normal-
ized values. The 95% CIs of the population correlation coefﬁcients were
estimated by Fisher's z transformation. 95% CIs are indicated in square
brackets. Statistical analyseswere carried outwithMicrosoft Excel (Ver-
sion 14,Microsoft, Redmond,WA, USA), IBM SPSS Statistics (Version 21,
International Business Machines Corp., Armonk, NY, USA), and StatXact
(Version 8, Cytel Inc., Cambridge, MA, USA).
3. Results and discussion
3.1. Concentrations of PFOS and PFOA in Tokyo Bay water
Whereas no temporal trends were reported in the concentrations of
PFOS and PFOA in Tokyo Bay water during 2004–2006 (Sakurai et al.,
2010), after 2006 the PFOS and PFOA concentrations observed at
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centrations were not available for PFOS in May 2007 and May 2008 or
for PFOA in May and August 2007 and May 2008 due to problems en-
countered in the chemical analysis. Salinity data were missing for sta-
tions 1–10 in the February 2008 sampling.
3.2. Average concentrations of PFOS and PFOA in freshwater inﬂow (C^FWI)
A strong correlation between salinity and concentration of PFOS or
PFOA was generally observed for each sampling campaign (SM Fig.
S3), supporting the validity of themixingmodel (Eq. (1)). The temporal
trend for C^FWI (Fig. 3A) was similar to the overall trend for the concen-
tration in the bay, which decreased after 2006. On a logarithmic scale,
the PFOS concentration decreased gradually, whereas the PFOA concen-
tration decreased stepwise from 2006 to 2007. The median of C^FWI for
PFOS decreased from 45 ng/L in 2004–2006 to 10 ng/L in 2010, whereas
that for PFOA decreased from 110 ng/L in 2004–2006 to 14 ng/L in 2010.
The estimated C^FWI values obtained from the present method and the
WLS regression were comparable (SM Fig. S4).
3.3. Rate of freshwater inﬂow to Tokyo Bay
Data for the monthly rate of freshwater inﬂow to Tokyo Bay (qFWI)
were ﬁt by regression Eq. (6) (SM Fig. S5).
qFWI ¼ 2:50 2:16−2:87½ qTR ð6Þ
The estimated q^FWI ﬂuctuated seasonally (SM Fig. S6) in accordance
with the normal precipitation pattern in this region of Japan. The medi-
an,minimum, andmaximumof the q^FWI values for the 29 sampling cam-
paigns (including the two for which both PFOS and PFOA data were not
available) were 435, 227, and 1070 m3/s, respectively.Fig. 3. Temporal trends of concentrations and inﬂow rates of PFOS and PFOA from February 2004
Bay. Error bars show 95% conﬁdence intervals (CIs). (B) Estimated inﬂow rates to Tokyo Bay. Err
the period from February 2004 to February 2007 used data from 20 stations. Data were not ava
2008. An 87% CI is shown for the February 2008 sampling because the small number of salinity3.4. Population in the Tokyo Bay catchment basin
The representative effective population in the basin (N^e) increased
slowly (0.0015%/y on average) from 19 February 2004 to 16 February
2011, with small ﬂuctuation due to changes in water intake (SM Fig.
S7). The median, minimum, and maximum values of N^e for the 29 sam-
plings were 29.5 million, 28.5 million, and 30.1 million, respectively.
3.5. Temporal trends in the inﬂow rates of PFOS and PFOA to Tokyo Bay
The overall temporal trends in the inﬂow rates of PFOS and PFOA
from the Tokyo Bay catchment basin (Ibasin) (Fig. 3B) were similar to
that for C^FWI. Values of Ibasin for PFOS decreased gradually on a logarith-
mic scale, particularly after 2006; the yearly average decreased from
730 kg/y during 2004–2006 to 160 kg/y in 2010. Values of Ibasin for
PFOA showed a marked stepwise decrease from 2006 to 2007, averag-
ing 2000 kg/y during 2004–2006 and 290 kg/y in 2010. The temporal
trends in the per-person inﬂow rates (Ipp) of these compounds were
identical to those for Ibasin because the population in the basin was vir-
tually constant. The yearly average of Ipp for PFOS decreased from
69 μg/d during 2004–2006 to 15 μg/d in 2010, and that of Ipp for PFOA
decreased from 190 μg/d during 2004–2006 to 26 μg/d in 2010
(Table 1). The seasonal pattern for the PFOS inﬂow rate was similar to
that for q^FWI , whereas the seasonal pattern for the PFOA inﬂow rate
was less clear. The year-normalized inﬂow rate for PFOS was strongly
correlated with q^FWI (correlation coefﬁcient 0.86 [0.72–0.94], n= 27),
whereas the correlation of PFOA with q^FWI was weaker and not statisti-
cally signiﬁcant (0.32 [−0.075 to 0.63], n= 26).
The considerable reduction in the inﬂow rates of PFOS and PFOA to
Tokyo Bay between February 2004 and February 2011 (Fig. 3B and
Table 1) probably reﬂected a reduction in the use and emission of
these compounds and their precursors in the Tokyo Bay catchment
basin. The reduction in inﬂow rates accorded with reduced concentra-
tions of PFOS and PFOA reported in the Tama River, a major river
ﬂowing into Tokyo Bay, between 2005 and 2011 as well as reducedto February 2011. (A) Estimated average concentrations in freshwater ﬂowing into Tokyo
or bars show the estimated expanded uncertainty (coverage factor k=2). Calculations for
ilable for PFOS in May 2007 and May 2008 or for PFOA in May and August 2007 and May
data precluded the calculation of a 95% CI.
Table 1
Average yearly inﬂow rates of PFOS and PFOA to Tokyo Bay.a
Year Inﬂow rate (kg y−1) Per-person inﬂow rate (μg d−1
person−1)
PFOS PFOA PFOS PFOA
2004 910 (±150) 2400 (±380) 87 (±17) 230 (±43)
2005 550 (±83) 1100 (±210) 52 (±9.4) 110 (±23)
2006 730 (±110) 2400 (±360) 68 (±12) 230 (±41)
2007 450 (±80) 350 (±40) 42 (±8.2) 33 (±4.1)
2008 290 (±37) 390 (±110) 27 (±4.1) 36 (±10)
2009 170 (±27) 270 (±53) 15 (±2.9) 24 (±5.4)
2010 160 (±33) 290 (±82) 15 (±3.3) 26 (±7.8)
a Values in parentheses show estimated expanded uncertainty (coverage factor k=2).
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discharging to the river, which were attributed to reduced emissions
from point industrial sources (Nishino et al., 2013). PFOS was designat-
ed as Class I Speciﬁed Chemical Substances under Japan's CSCL as of
April 2010, and some factories may have phased out their use of PFOS,
PFOA, and their precursors prior to the designation. Industries may
also have reacted to regulations on these compounds in other countries
(Zushi et al., 2012; Zushi et al., 2011).
Apart from the declining yearly trend, interpretation of the seasonal
patterns for PFOS and PFOA and the differences between them are
topics for future investigation. Assuming that emissions arise from in-
dustrial facilities and household use and arrive at the baywithin several
days of emission, the inﬂow rate to the bay should be independent of
freshwater inﬂow rate and should not show a seasonal pattern, contrary
to the observed trend for PFOS. Accumulation of these compounds on
the way to the bay and subsequent ﬂushing during high precipitation
events could partially explain the observed seasonal pattern. If this is
the case, differences in the location of major emission sourcesmight ex-
plain the difference in seasonal pattern between the two compounds.
3.6. Comparison with previous emission estimates and contributions from
point and diffuse sources
The inﬂow rates of these compounds to Tokyo Bay are comparable to
or higher than their calculated ﬂux through large rivers worldwide at
the corresponding year of sampling (Yeung et al., 2009). Murakami
et al. (2008) estimated sewage-derived ﬂuxes of PFOS and PFOA as
3.6 t/y and 5.6 t/y, respectively, for the entire nation of Japan based on
samples collected in 2005. Inﬂow rates of PFOS and PFOA to TokyoTable 2
Reported estimates of water-borne emission rates (μg d−1 person−1) for PFOS and PFOA.
Year PFOS PFOA Country Area
2004 21 7.5 Japan Tokyo Bay catchme
2004 8.4 8.0 USA Paciﬁc Northwest
2004 42 11 USA Nationwide
2004 13 –c Japan Tama River basin
2004 7.4 –c Japan Tokyo Bay catchme
2004 1.6 2.9 Japan Tama River basin
2005 9.6 120 USA NY State
2005 40 30 Germany Bayreuth
2005 77 120 Japan All Japan
2006 57 12 Switzerland Glatt River basin
2007 69 20 Japan Tokyo Metropolis
2007 27 82 Europe Europe
2009 13 8.9 Japan Tokyo Bay catchme
2010 30 26 Korea Nationwide
2010 2.0 2.4 Korea
a A, measured concentration in rivers. B, measured concentration in wastewater treatment p
b (i) The basin-wide emission rate reported in the original literature was divided by the effec
was calculated in the present study). (ii) Based on inﬂuent data. (iii) Domestic wastewater only
(iv) This study reported PFOS+ PFOA emission rates of 1–3 μg/(d person) from householdwas
commercial wastewater. (v) N90% of the inﬂuent is wastewater produced from domestic hum
c Not reported.Bay for 2005 were 550 kg/y and 1100 kg/y (Table 1), respectively,
representing about 15% and 21% of the nationwide sewage-derived
ﬂuxes.
Our estimated Ipp values for PFOSwere generally comparable to pre-
viously reported per-person waterborne emission rates in Europe
(Becker et al., 2008; Huset et al., 2008; Pistocchi and Loos, 2009), the
United States (Huset et al., 2008), Korea (Kim, 2012; Kim et al., 2014),
and Japan (Murakami et al., 2008; Murakami et al., 2009; Zushi et al.,
2011), whereas those for PFOA were generally higher than previously
reported values (Tables 1 and 2). Interestingly, the average per-person
emission rates for all of Japan, obtained by dividing estimates of
sewage-derived ﬂux of Murakami et al. (2008) by Japan's population,
closely matched our per-person inﬂow values for that year in Tokyo
Bay (Tables 1 and 2). We considered Ipp to be an approximation of the
waterborne emission rate by assuming that 100% of the emitted com-
pounds arrived at the bay within a time on the order of several days.
We believe that the physico-chemical properties of PFOS and PFOA
make these assumptions reasonable. However, PFOS and PFOA emitted
through other forms, with solid waste for example, may take longer to
reach the bay, and would be evaluated as inﬂow at a later time or
even not at all in the framework of the present study. In addition, re-
moval of PFOS and PFOAduringwater treatment processeswas not con-
sidered because previous studies have not reported consistent results
(Becker et al., 2008; Schultz et al., 2006; Sinclair and Kannan, 2006).
These studies appear to share the same assumptions, and thus we con-
sidered it valid to compare our Ipp valueswith previously reported emis-
sion rates. In the present study, we chose population as a proxy of
human activity in the catchment basin to normalize the inﬂow rate
and to enable comparison among different regions, while recognizing
that the emission of these compounds in the Tokyo Bay catchment
basin was not strictly on a per-person basis (see discussion below).
Our method for estimating C^FWI based on measured concentrations
in the receptor (Tokyo Bay) enabled us to comprehensively cover inﬂow
to the bay, including inﬂow via direct discharge to the bay. Waterborne
emission rates for PFOS and PFOA ﬂowing into Tokyo Bay in 2004 that
relied on measured concentrations in inﬂowing rivers were consider-
ably underestimated (Odaka and Masunaga, 2006; Takazawa et al.,
2009). The reason for this underestimation is unclear, but samples of
riverwatermay not have been representative of point emission sources.
The higher inﬂow rates for PFOA than for PFOS found in the present
study may reﬂect direct discharges from facilities on the coast (Zushi
et al., 2011). This interpretation accords with the ﬁndings of
Murakami et al. (2009) and Zushi et al. (2011), who reported PFOSMethoda Noteb Reference
nt basin A (i) Odaka and Masunaga (2006)
B (ii) Schultz et al. (2006)
B Huset et al. (2008)
A Takazawa et al. (2009)
nt basin A, B (i) Takazawa et al. (2009)
A, B (iii) Takazawa et al. (2009)
B (ii) Sinclair and Kannan (2006)
B (iv) Becker et al. (2008)
B, C Murakami et al. (2008)
B Huset et al. (2008)
B Murakami et al. (2009)
A Pistocchi and Loos (2009)
nt basin A (i) Zushi et al. (2011)
B Kim et al. (2014)
B (v) Kim et al. (2014)
lant (WWTP) inﬂuent or efﬂuent. C, estimated by using a sewage-marker compound.
tive population in the basin corresponding to the sampling dates (the effective population
, assuming oneWWTPwith the lowest emission rate to represent only domestic emissions.
tewater; higher emission rates from the BayreuthWWTPwere attributed to industrial and
an activities.
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that were lower than our estimates, because their methods did not
take into account such direct discharges to the bay. In addition, this in-
terpretation accords with a study that suggested that point industrial
emissions contribute to the PFOA emission rate in Europe (Pistocchi
and Loos, 2009). Our method should be applicable to studies of
inﬂow of other compounds that are similar to PFOS and PFOA in their
physicochemical properties, including alternative perﬂuoroalkyl and
polyﬂuoroalkyl acids.
A comparison with previous estimates of household emission rates
of these compounds suggested that our inﬂow estimates included a
considerable contribution from point industrial sources. Takazawa
et al. (2009) suggested per-person household emission rates of 1.6 μg/
d and 2.9 μg/d for PFOS and PFOA, respectively, based on the analysis
of efﬂuent samples collected from WWTPs in the Tama River basin in
2004 (Table 2). A similar rangewas reported on the basis of samples col-
lected in 2005 for WWTPs in Germany that treated only household
wastewater (1–3 μg/d for PFOS + PFOA) (Becker et al., 2008) and of
samples collected in 2010 for WWTPs in South Korea that treated
wastewater produced predominantly (N90%) from domestic human ac-
tivities (PFOS, 2.0 μg/d; PFOA, 2.4 μg/d) (Kim et al., 2014). Our estimated
values of Ipp (Table 1) for 2004were about 50 times (PFOS) and 80 times
(PFOA) the household emission rates suggested by Takazawa et al.
(2009) in the Tama River basin. These higher values of Ipp can be attrib-
uted to contributions from emissions from point sources, urban surface
runoff (Kim et al., 2014; Murakami et al., 2009; Zushi et al., 2008), and
delayed emissions from accumulated PFOS and PFOA on their way to
the bay.
3.7. Method validity and limitations
The mixing model of Eq. (1) relied on the following ﬁve assump-
tions: (a) salinity is conserved and PFOS and PFOA are not degraded in
the bay; (b) the extent of mixing of PFOS and PFOA is similar to the ex-
tent of salinity mixing; (c) a single value Cocean represents the concen-
tration of PFOS or PFOA in the Paciﬁc Ocean; (d) a single value CFWI
represents the concentration of PFOS or PFOA in various freshwater in-
ﬂows; (e) themajor sources of PFOS and PFOA in the samples are either
freshwater inﬂow or Paciﬁc Ocean water. Assumption (a) is sound con-
sidering the persistence of PFOS and PFOA in the environment. Assump-
tion (b) is also sound because turbulent diffusion and advection would
dominate themixing of PFOS, PFOA, and salinity on the scale of the bay,
which supports the use of S/Socean as αocean. Assumption (c) is reason-
able considering the single and narrow connection between the bay
and the Paciﬁc Ocean, and the relatively low value of Cocean. Assumption
(d) is a key simpliﬁcation in the model. Assumption (e) is supported in
the following discussion.
An evaluation of the mass balance of PFOS and PFOA in the bay sup-
ported our focus on their waterborne transport to the bay and the use of
themixingmodel to estimate C^FWI. Themass balance can bedescribed as
Eq. (7),
dCð ÞV ¼ dtð ÞF ð7Þ
where V represents the volume of water in the bay, C is the concentra-
tion of PFOS or PFOA, t is time, and F represents the ﬂux of PFOS or
PFOA into and out of the bay.
The ﬂux F can be divided into three components: ﬂux via surface-
water interface, ﬂux via the atmospheric interface, and ﬂux via the sed-
iment interface (Eq. (8)).
F ¼ Fsurface‐water þ Fatmosphere þ Fsediment ð8Þ
Flux via the surface-water interface includes Fsurface-FWI (via fresh-
water inﬂow) and Focean (via exchange of seawater at the bay's
mouth). Flux via the sediment interface was neglected because wepreviously estimated it to be 2–3 orders of magnitude smaller than
the ﬂux via the surface-water interface (Sakurai et al., 2010). The effect
of sediment resuspension was judged negligible because our previous
results showed that the mass-basis concentrations of these compounds
in suspended particles were roughly 70 to 80 times higher in the lower
water layer than in sediment at the same station (Sakurai et al., 2010).
Flux via the atmospheric interfacewas negligible based on the following
considerations. On the basis of measurements made in 2006–2008 at
two locations in theKanto region of Japan (Kwok et al., 2010), the region
including Tokyo Bay, wet deposition to the bay surfacewas estimated at
0.7 kg/y and 2 kg/y for PFOS and PFOA, respectively. Dry deposition was
estimated at roughly 0.7 kg/y and 1 kg/y for PFOS and PFOA, respective-
ly. The dry deposition values were obtained by multiplying airborne
particulate concentrations of these compounds in other areas by a gen-
eral settling velocity of airborne particles. The airborne concentrations
were set at roughly 5 pg/m3 (PFOS) and 2 pg/m3 (PFOA) according to
available measured values in air (Barber et al., 2007; Harada et al.,
2005; Jahnke et al., 2007; Kim and Kannan, 2007) (note that the report-
ed values were variable particularly for PFOA, and values measured on
land were included), and the settling velocity was set at 1 cm/s as an
order-of-magnitude estimate based on a wide range of reported values
(Odabasi et al., 1999; Sakata et al., 2008; Slinn and Slinn, 1980). The
resulting deposition ﬂuxes for PFOS and PFOA were two or more orders
of magnitude lower than those associated with freshwater inﬂow.
Vapor evasion was estimated to be negligible owing to the negligibly
low vapor pressure of the dissociated anion species (Barton et al.,
2007), i.e., PFOS and PFOA, in the bay water with pH around or greater
than 8 (Council of Local Governments for Tokyo Bay Environmental
Preservation, 2012). In situ formation of PFOS and PFOA fromprecursors
in the bay water was not considered because of a lack of reported data.
These considerations were in agreement with previous mass balance
analyses for perﬂuoroalkyl substances in Lake Ontario, USA/Canada
(Boulanger et al., 2005), and urban lakes in Albany, NY, USA (Kim and
Kannan, 2007).
The above consideration reduces Eq. (8) to Eq. (9),
F≈Fsurface‐water þ Fprecipitation ¼ FFWI þ Focean ð9Þ
where freshwater inﬂow (FWI) represents surface freshwater inﬂow
plus precipitation on the bay surface. Wet deposition (Fprecipitation, in-
ﬂow due to precipitation) to the bay surface was included in Eq. (9) be-
cause subsequent analysis of freshwater inﬂows did not distinguish
precipitation on the bay surface from other surface inﬂows.
By taking into account both pathways of input, the mass of PFOS or
PFOA in a small volume (ΔV) of bay water can be described by Eq.
(10), which leads to the mixing model of Eq. (1).
CΔV ¼ αFWICFWIΔV þ αoceanCoceanΔV ð10Þ
where α represents the relative contribution of each input pathway
(αFWI + αocean = 1) in ΔV.
In estimating C^FWI, we used values from the literature for Cocean con-
sidering the relatively small number of samples (≤8) in the sampling
campaigns after February 2007 and the observed variability in the
data. The WLS regression failed to give statistically signiﬁcant results
in 8 of the 53 regressions. In the present study, C^
−2
, instead of the pre-
viously used C−2 (Sakurai et al., 2010), was used as a weight in theWLS
regression, because we considered the former to give more reasonable
estimates. We supposed that the duration of each sampling campaign
was sufﬁciently short in terms of changes in the average concentrations
of these compounds in the freshwater inﬂow and changes in their con-
centrations in the bay water, and that the CFWI values obtained from a
sampling campaign thus were distributed over a relatively narrow
range. The range of estimated C^FWI values (PFOS, 6.8–72 ng/L; PFOA,
12–270 ng/L) was in accordance with reported concentrations of PFOS
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2008; Murakami et al., 2009; Sakurai et al., 2010; Takazawa et al.,
2009; Zushi et al., 2011). We reported C^FWI values corresponding to
zero salinity because it was not practical to assign a representative
value of salinity in freshwater inﬂow (SFWI) other than zero and because
we believe that the average salinity in freshwater inﬂows is low com-
pared to that in ocean water, although the freshwater considered in
the present study might have high salinity in some industrial efﬂuents.
The system of water ﬂow in the Tokyo-Bay catchment basin is a
complicated set of networks of rivers, water supply systems, andwaste-
water efﬂuent systems, covering multiple river basins (Okada et al.,
2007), and these networks were carefully considered in the present
study. The networks serve the water demands of a concentrated popu-
lation, control ﬂooding in and around the basin (Miyamura, 1993;
Okada et al., 2007), and have historically provided an efﬁcient means
for river navigation. Okada et al. (2007) is the most recent comprehen-
sive study of freshwater inﬂow to Tokyo Bay that updated previous few
studies and provided the basis for the present study. That study estimat-
ed the rate of freshwater inﬂow to Tokyo Bay on the basis of precipita-
tion to the catchment basin, precipitation to the bay surface, and
import of water from outside the catchment basin. In estimating q^FWI
and N^e, we assumed the same time course of weather, particularly pre-
cipitation events, over the catchment basin of the bay. Because we con-
sidered precipitation to be the primary source of freshwater inﬂow, this
assumption led to the use of a simple linear form to estimate q^FWI and
the omission of the intercept term in Eq. (6) (SM Fig. S5). This assump-
tion was acceptable because the basin is located in a region surrounded
by the Paciﬁc Ocean to the east and south andmountainous areas to the
west and north (Fig. 2). We chose the ﬂow rate of the Tone River at the
Tone-Ohzeki diversion weir to estimate q^FWI because of the availability
of data for the study period and becausewe judged that qTR, without up-
streamwater intake out of the river basin, represents precipitation that
basically determines the freshwater inﬂow to thebay. The time required
for theprecipitation to reach rivers, the time for aweather event to cross
the basin, and differences inweather in different parts of the basinwere
not considered. The time for waterborne emission in the bay's basin to
reach the bay was considered to be on the order of several days (Ono
and Morita, 1976; Yanase, 1976).3.8. Uncertainty analysis of the inﬂow estimates
The relative expanded uncertainty in the inﬂow rate, Ε(Ibasin),
ranged from 0.18 to 0.87 (median 0.29) for PFOS and from 0.19 to
0.95 (median 0.36) for PFOA among the sampling campaigns (Fig. 3B).
Ε(Ipp) was larger than Ε(Ibasin) because it included the uncertainty in
the estimated effective population in the Tokyo Bay catchment
basin (εðN^eÞ) (Eq. (5)), and it ranged from 0.22 to 0.87 (median
0.35) for PFOS and from 0.23 to 0.97 (median 0.40) for PFOA (SM
Figs. S8 and S9). εðC^FWIÞ varied among the sampling campaigns,
and after February 2007 it was the largest contributor to the relative
uncertainty of most of the estimated Ibasin and Ipp values for PFOS
and all of those for PFOA. εðq^FWIÞ and εðN^eÞ were relatively constant
among the sampling campaigns. Some relatively high εðq^FWIÞ values
(around 15%) resulted partly from high ﬂow rates (N1000 m3/s in
the Tone River) during the averaging period before the sampling
dates. The uncertainty in weights (w(k), Eq. (4)) accounted for the
major part of εðN^eÞ, which appears high for the population data
based on the censuses.
The estimated uncertainties associatedwith the inﬂow rates of these
compounds validated our discussion of the temporal trends of the in-
ﬂow rates and their comparison with previously reported emission
rates. εðC^FWIÞ, which was the largest contributor to the relatively high
uncertainties associated with some estimates of the inﬂow rates, may
be reduced by increasing the number of sampling points, as shown bythe smaller values obtained from the 20-station data (Figs. 3A and SM
Figs. S8 and S9). Conducting several sampling campaigns during the
timeframe of the residence time of water in Tokyo Bay (Okada et al.,
2007) would lead to more representative estimates of C^FWI and its var-
iability. The obtained expanded uncertainty does not include the uncer-
tainty in selecting models such as Eqs. (1), (3), (4), and (6). We
proposed these models as the best available representation of reality
given limited information.
4. Conclusions
A combination of seasonal sampling campaigns and chemical, statis-
tical, hydrological, and demographic analysis enabled us to base the es-
timation of C^FWI on the changing seawater structure of the bay (Sakurai
et al., 2010), to relate seasonal changes in q^FWI to inﬂow estimates, and
to demonstrate temporal trends for the inﬂow of PFOS and PFOA over
the period from February 2004 to February 2011.
The considerable reduction in the inﬂow rates of PFOS and PFOA to
Tokyo Bay during the study period probably reﬂected a reduction in
the use and emission of these compounds and their precursors in the
Tokyo Bay catchment basin. The inﬂow rates of these compounds to
Tokyo Bay were higher or comparable to their calculated ﬂux through
large rivers elsewhere at the same times (Yeung et al., 2009). Our esti-
mated per-person inﬂow rates for PFOS were generally comparable to
previously reported per-person waterborne emission rates in Japan
and other countries, whereas those for PFOA were generally higher
than previously reported per-person waterborne emission rates. Our
method for estimating C^FWI based onmeasured concentrations in the re-
ceptor (Tokyo Bay) enabled us to comprehensively cover inﬂow to the
bay, including inﬂow via direct discharge to the bay. A comparison
with previous estimates of household emission rates of these com-
pounds suggested that our inﬂow estimates included a large contribu-
tion from point industrial sources. The estimated uncertainties
associated with the inﬂow rates of these compounds validated our dis-
cussion of the temporal trends of inﬂow rates and their comparison
with previously reported emission rates.
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